We grew epitaxial layers on 4H-silicon carbide (SiC) Si-face substrates with a 1° off-angle. The suppression of 3C-inclusion formation during growth at a high C/Si ratio was investigated, because a growth technique with a high C/Si ratio is needed to decrease residual nitrogen incorporation. 3C inclusions were generated both at the interface between the substrate and epitaxial layer, and during epitaxial growth. 3C-SiC nucleation is proposed to trigger the formation of 3C inclusions. We suppressed 3C-inclusion formation by performing deep in situ etching and using a high C/Si ratio, which removed substrate surface damage and improved the 4H-SiC stability, respectively. The as-grown epitaxial layers had rough surfaces because of step bunching due to the deep in situ etching, but the rough surface became smooth after chemical mechanical polishing treatment.
Introduction
Silicon carbide (SiC) is expected to be widely applied in the power devices used to control various high-voltage functions, because the power conversion efficiency of SiC devices is higher than that of silicon ones. In particular, among the many polytypes such as 4H, 6H and 3C, 4H-SiC is mainly used for developing SiC power devices because of its higher electron mobility and wider bandgap.
Homoepitaxial growth of 4H-SiC layers is essential for controlling the doping concentration to produce functional 4H-SiC devices. This is because SiC boules are usually grown by sublimation, and it is difficult to control the doping concentration using this technique. Unfortunately, in homoepitaxial growth of 4H-SiC, other-polytype inclusions are easily generated because of their low formation energy [1] . However, 4H-SiC homoepitaxial growth without other-polytype inclusions has been achieved by using substrates with several off-angles [2, 3] . This technique is called "step-controlled epitaxial growth" [3] . Now, 4H-SiC epitaxial growth on substrates with a 4° off-angle is standard for fabricating SiC devices.
Recently, lowering the off-angle below 4° has been attempted because it offers several advantages [4] [5] [6] . First, it was reported that lowering the off-angle is an effective way to suppress the anisotropy due to the large off-angles of SiC trench metal-oxide-semiconductor field-effect transistors (MOSFETs) [7] . Trench MOSFETs are well known to have low on-resistances due to the high cell density, but the anisotropic channel properties on the trench sidewalls restrict the cell structure [7] . In addition, the basal plane dislocation (BPD) density decreases with decreasing the off-angle [8, 9] . In the past time, we found that an epitaxial layer with a 1° off-angle has low BPD density of 0.2 cm −2 [8] .
The number of BPDs in epitaxial layers should be reduced, because they cause stacking faults that increase the forward voltage in bipolar devices [10] . BPDs in substrates convert to threading edge dislocations in epitaxial layers, and the conversion ratio can be increased by lowering the off-angle [11] . Finally, it is obvious that lowering the off-angle reduces the wafer cost, because the amount of waste generated by cutting wafers on a diagonal line can be reduced. This advantage becomes considerably important if large-diameter wafers are used. Indeed, there are many reports in 6-inch SiC wafers, and the mainstream size will be 6 inches in the near future [12] [13] [14] .
In the past, we have found that the step-controlled epitaxial growth on 4H-SiC Si-face substrates can be achieved when the off-angle is reduced down to 0.8° [5] . However, a low C/Si ratio has been needed for such growth in order to suppress inclusions of other polytypes [6] . This is problematic, because the background carrier concentration increases with decreasing C/Si ratio as the residual nitrogen incorporation increases as a result of the site-competition effect [15] . For example, growth at a C/Si ratio of less than 0.7 is needed to suppress other polytype inclusions, but the background carrier concentration is 5. In this study, we grew epitaxial layers on 4H-SiC Si-face substrates with a 1° off-angle and investigated the formation of other-polytype inclusions with the goal of suppressing these defects even for growth at a high C/Si ratio.
Results and Discussion

Defects Generated in 4H-SiC Si-Face Epitaxial Layers with a 1° Off-Angle
Figure 1a-c shows Nomarski optical microscope (NOM) images of the surface defects generated in this experiment. These surface defects have various shapes such as trapezoidal shapes, line shapes and so on. We measured the length along the <1 -100> and <112 -0> directions of 10 surface defects generated in a 9.4 μm thick epitaxial layer from the NOM images. The length along the <1 -100> direction was from 1.2 mm to 6.5 mm, which suggests that these surface defects negatively affect the usable area of epitaxial layers because of their large size. Moreover, the length along the <112 -0> direction was from 83 μm to 540 μm. We can estimate the points at which the surface defects were generated by multiplying tangent 1° by the length along the <112 -0> direction. When the length along the <112 -0> is about 540 μm, the surface defects are supposed to generate at the interface between the substrate and epitaxial layer. Therefore, the defects with length of 540 μm were generated at the interface between the substrate and epitaxial layer, and the defects with lengths less than 540 μm were generated during epitaxial growth. It is concluded that defect generation occurred both at the interface between the substrate and epitaxial layer, and during epitaxial growth. respectively [16] . The surface defect has 4H-and 3C-SiC parts. This indicates that the surface defect is a 3C inclusion. We found that all of the defects generated in this experiment were 3C inclusions by investigating their luminescence properties. Figure 3c shows the cross-sectional profile of the AFM image (yellow dashed line at position A). The height of the nine-layer spiral growth hillock between the two cross marks is 1.97 nm. The height of one layer is 0.22 nm, which is approximately equal to the single Si-C bilayer height of 0.25 nm.
Thus, the generation of variously shaped 3C inclusions is triggered by 3C-SiC nucleation generated both at the interface between the substrate and epitaxial layer, and during the epitaxial growth of 4H-SiC Si-face epitaxial layers with a 1° off-angle. 
Suppression of 3C Inclusions
We first tried to suppress the generation of 3C inclusions at the interface between the substrate and epitaxial layer. The relationship between the 3C-inclusion density and the in situ etching depth was investigated, because it has been reported that 3C inclusions are generated at the interface between the substrate and epitaxial layer as a result of substrate surface damage, which can be effectively removed by in situ etching [17, 18] . Figure 4 shows the relationship between the 3C-inclusion density and in situ etching depth. Epitaxial layers were grown at a C/Si ratio of 2.0, because the background carrier concentration was less than 5 × 10 13 cm -3 under these conditions, which is lower by two orders of magnitude than that obtained at the C/Si ratio of 0.7 [6] . The in situ etching depth was changed from 0.6 μm to 1.2 μm by varying the in situ etching time from 0 min to 40 min. The etching time of 0 min means that the etching was carried out only as the temperature was increased for growth. The 3C-inclusion density decreases from 3.1 cm -2 to 0.2 cm -2 with increasing in situ etching depth from 0.6 μm to 1.2 μm, as shown in Figure 4 . Thus, in situ etching is effective for suppressing 3C-inclusion formations, but a depth of over 1.2 μm is needed. It is thought that 3C-SiC nucleation sites such as substrate damage sites created by polishing are removed by in situ etching. 3C inclusions were generated both at the interface between the substrate and epitaxial layer, and during epitaxial growth, as described in Section 2.1. Therefore, substrate surface damage is not the only cause of 3C-inclusion formations. To examine the other causes of 3C inclusions, we investigated the relationship between the 3C-inclusion density and the C/Si ratio, because the 3C-inclusion density is likely to be significantly affected by the C/Si ratio on the basis of past reports [5, 6, 19] . Figure 5 shows PL images and the 3C-inclusion densities of epitaxial layers grown at various C/Si ratios for in situ etching down to a depth of 0.9 μm. In this PL measurement, the incident light was from an Hg-lamp through a band pass filter between 295 nm and 370 nm, and a color CCD was used as the detector. The area without 3C inclusions looks green because substrates emit green luminescence presumably due to nitrogen-related levels of 4H-SiC. In contrast, areas with 3C inclusions look reddish due to their surface roughness. This is because the red wavelength region of the incident light is unintentionally transmitted through the band pass filter because of its imperfection though the transmitted intensity of red wavelength region is considerably lower than that of wavelength between 295 nm and 370 nm. Then, the incident light was scattered by 3C inclusions, and these red wavelength regions were detected by the color CCD. The 3C-inclusion densities obtained at C/Si ratios of 0.8, 1.0 and 2.0 are less than 1.0 cm -2 . In contrast, most part of these PL images obtained at C/Si ratios of 1.4-1.8 looks reddish because the numbers of 3C-inclusions were too high, and thus these 3C-inclusion densities could not be calculated. Figure 6 shows the relationship between the yield and the C/Si ratio obtained from the PL images shown in Figure 5 . The yield was calculated from the number of 2.5 × 2.5 mm 2 areas without 3C inclusions.
The yield is over 90% at C/Si ratios of 0.8, 1.0 and 2.0, but is less 10% at C/Si ratios of 1.4-1.8. 3C-inclusion formation was suppressed at low C/Si ratios of 0.8 and 1.0 and at a high C/Si ratio of 2.0. In situ etching depth (μm) Figure 5 . PL images and 3C-inclusion densities of epitaxial layers grown at various C/Si ratios with in situ etching to a depth of 0.9 μm.
Figure 6.
Relationship between yield and C/Si ratio obtained from the PL images shown in Figure 5 .
It has been reported that 3C-SiC nucleation tends to occur when the terrace width increases [2] . In this experiment, the terrace width measured by AFM was about 500 nm regardless of the C/Si ratio, because step bunching caused by the Schwoebel effect [20] was generated in all samples because of the deep in situ etching. It is equally important that surface diffusion length of adatoms increases with decreasing C/Si ratio [21] . At C/Si ratios of 0.8 and 1.0, the diffusion length of adatoms would be long enough for all adatoms to reach steps, and only step-controlled epitaxial growth would occur. As a result, the 3C-inclusion density was low. On the other hand, there were presumably many adatoms that could not reach the steps because of the short diffusion length at C/Si ratios of 1.4-2.0. In this situation, both step-controlled growth by the adatoms that did reach the steps and nucleation by the adatoms that did not the reach steps occurred. Next, it is noted that 3C-SiC is more stable than 4H-SiC at low C/Si ratios; i.e., 4H-SiC is more stable than 3C-SiC at high C/Si ratio [22, 23] . It has been reported that growth at low C/Si ratio introduces many carbon vacancies, which leads to compression of the crystal lattice thus supporting the cubic structure of the layer [22, 23] . In contrast, growth at high C/Si ratio reduces carbon vacancies, which is favorable for the hexagonal structure [22, 23] . Therefore, step-controlled growth, and 3C-SiC nucleation due to the stability of 3C-SiC occur when the C/Si ratio is 1.4-1.8. As a result, a high 3C-inclusion density was obtained under these conditions. At a C/Si ratio of 2.0, step-controlled growth, and 4H-SiC nucleation due to the stability of 4H-SiC would occur. As a result, 3C-SiC nucleation could be suppressed. 4H-SiC nucleation patterns could not be observed, and the reason is not known. Conceivably, 4H-SiC nucleation areas may become covered with step-controlled growth. Moreover, other factors such as growth temperature and step height might help for improving the stability of 4H-SiC. It has been reported that 4H-SiC unseeded sublimation growth occurs at temperature from 1800 °C to 2700 °C [23] . In this study, we grew epitaxial layers at relatively high temperature of 1725 °C.
Step heights of the substrates before growth were about 10 nm due to the deep in situ etching. It means that 4H-SiC stacking widely appeared to the substrate surface, which presumably improved the stability of 4H-SiC. Indeed, it has been reported that 4H-SiC epitaxial growth on (11 2 -0) substrates improves the 4H-SiC stability compared to growth on Si-face substrates [24, 25] . Further investigation about the growth mechanism at a high C/Si ratio of 2.0 is needed, but the stability of 4H-SiC is certainly important.
We found that 3C-inclusion formation could be suppressed at high C/Si ratios by removing substrate surface with deep in situ etching and because of the stability of 4H-SiC at high C/Si ratios.
Post-Processing for 4H-SiC Si-Face Epitaxial Layers with a 1° Off-Angle
The surfaces of the epitaxial layers grown in this experiment should be planarized by post-processing, because the as-grown layers are rough due to step bunching. Figure 7a ,b shows the AFM images and cross-sectional profiles of as-grown and chemical mechanical polishing (CMP)-treated epitaxial layers, respectively, grown at a C/Si ratio of 2.0 with in situ etching to a depth of 1.2 μm. The as-grown epitaxial layer has a rough surface because of step bunching generated by the deep in situ etching, but the rough surface becomes smooth after the CMP treatment. It has been reported that a CMP-treated epitaxial layer with a 4° off-angle shows better oxide reliability than an as-grown one; i.e., epitaxial-surface planarization by CMP treatment is effective for improving the oxide reliability [26] . It is obvious that the epitaxial layers with 1° off-angles grown in this experiment can be applied to devices after CMP treatment. 
Experimental Section
Epitaxial growth was performed using a horizontal hot-wall CVD system. The experimental setup is described in Reference [14] in detail. After CMP treatment, 3-or 4-inch conventional n-type 4H-SiC Si-face wafers with a 1° off-angle toward the <112 -0> direction were used as substrates. The in situ etching was performed in an H2 atmosphere. The temperature, pressure, and H2 flow rate used for the in situ etching were 1725 °C, 6.3 kPa, and 100-134 slm, respectively. The growth proceeded for 2 h at the same temperature, pressure, and H2 flow rate as used for the in situ etching. The SiH4 (10% in H2) flow rate was 500-600 sccm, and the C3H8 (10% in H2) flow rate was varied to change the C/Si ratio. The growth rate was 4.0-4.8 μm/h.
The in situ etching depth was estimated from the etching rate of the epitaxial layers, because it is difficult to directly measure the etching depth of the substrates. The thickness was investigated by using conventional Fourier transform infrared spectroscopy and taking an average of 137 points.
The surface morphology of the epitaxial layers was observed using tapping-mode AFM. The PL images and PL spectrum were obtained from PL measurements under excitation by an Hg-lamp through a band pass filter between 295 nm and 370 nm and by an He-Cd laser (325 nm), respectively, at room temperature. 
Conclusions
We grew epitaxial layers on 4H-SiC Si-face substrates with 1° off-angles and investigated the 3C inclusions with the goal of suppressing the formation of these defects even for growth at a high C/Si ratio. It is thought that the trigger of 3C-inclusion formation is 3C-SiC nucleation. We succeeded in suppressing 3C inclusion formation by performing deep in situ etching and using a high C/Si ratio. 3C-inclusion formation could be suppressed by removing the substrate surface damage by deep in situ etching and because of the 4H-SiC stability at high C/Si ratios.
